Background: Controversial speculation suggestions that dietary intake may affect semen quality and testicular function, however, there are limited comprehensive studies observing dietary patterns. Objective: To study associations between major dietary patterns and markers of testicular function in adulthood. Material and Methods: Observational cross-sectional study of two hundred and ninety men with an average age of 20 years, from the Western Australian Pregnancy Cohort (Raine) Study. Usual dietary intake assessed using a semi-quantitative food frequency questionnaire at 20 years of age. Two dietary patterns previously identified using exploratory factor analysis ("Healthy" or "Western") and participants received z-scores for each dietary pattern. Primary endpoints were testicular volume, total sperm per ejaculate, morning serum testosterone concentration. Secondary endpoints were semen sample parameters, inhibin B and sex steroids (DHT: 3a-diol, 3b-diol; LH; FSH; DHEA; estradiol; estrone). Result(s): Participants were on average 20.0 AE 0.4 years old, had a median of 2 days sexual abstinence and a body mass index of 24.1 AE 3.9 kg/m
INTRODUCTION
Based on controversial retrospective observational evidence, some believe that spermatozoa output may have decreased over the past few decades, associated with lifestyle or environmental influences Handelsman & Cooper, 2010; Jørgensen et al., 2012; Rolland et al., 2012; Levine et al., 2017) . During this period of time energy-dense nutrient-poor 'Western' dietary patterns, typically characterised by low intake of fruits and vegetables combined with a high intake of discretionary foods rich in fat and sugar, have become prevalent globally.
Furthermore, there is some evidence to suggest that young men have poorer health behaviours than those below 19 and above 50 years of age.
Hence, it has been speculated that dietary patterns may impact upon semen quality and testicular function. However, most observational studies have focused on isolated dietary micronutrients such as folate, zinc and various antioxidants, with mixed findings (Ross et al., 2010; Jensen et al., 2011; Ramlau-Hansen et al., 2011; Showell et al., 2011; Salas-Huetos et al., 2017) , whereas in real-life people do not eat isolated nutrients but rather meals consisting of a variety of foods with complex nutrient combinations (Hu, 2002) . Consequently, dietary pattern analysis considers overall eating patterns, taking into account the potentially synergistic effects of individual nutrients or foods that may be too small to detect individually. Studies examining overall dietary patterns and markers of testicular function and reproductive potential are scarce, and their relationships are unclear (Aitken & Roman, 2008; Chavarro et al., 2011; Attaman et al., 2012; Jensen et al., 2013) .
As a modifiable factor, diet may have beneficial effects that can be harnessed or detrimental effects that may be avoided, thus potentially offering a relatively straightforward intervention to improve semen parameters. In our study, we aimed to evaluate associations between two major dietary patterns, a 'Healthy' and a 'Western' dietary pattern with markers of testicular function, among a representative cohort of young men in Western Australia (WA) at the age of 20 years (Hart et al., 2015; Straker et al., 2017) .
MATERIALS AND METHODS

Study population
The established West Australian Pregnancy Cohort (Raine) Study was designed to measure the relationships between early life events and subsequent health and behaviour. Pregnant women (generation 1) who were 16-20 weeks gestation were enrolled over a total of 30 months from May 1989 to November 1991. The last children were born in April 1992. The 2868 children (including 1454 boys) born to 2804 mothers were retained to form generation 2 of the Raine Study . In the study, researchers aimed to investigate the role of perinatal events on subsequent childhood and adult health with detailed prospective antenatal, postnatal and childhood measurements. Cohort follow-up was undertaken at ages 1, 2, 3, 5, 8, 10, 14, 17, 20 and 22 years with the latest cohort including 1433 men, making it one of the largest and most closely followed prospective cohorts of pregnancy, childhood and adolescence in the world. At the 20-year follow-up participants were mostly Caucasian (86%), were not born prematurely (90%), had a healthy birthweight (80%) and were not at high risk for birth (90%) . Ethical approval was obtained from the University of Western Australia Human Research Ethics Committee, and all participants provided informed consent.
The present analysis uses data collected from men in the Raine Study (generation 2) who attended the 20-year follow-up assessment, participated in a detailed testicular function study, and also completed a food frequency questionnaire (FFQ). Anthropometric data were collected at the 20-year assessment, including height, measured using a stadiometer to the nearest 0.1 cm, weight measured using electronic chair scales and body mass index (BMI) calculated as weight (kg)/height 2 (m). Physical activity levels were assessed using the short form of the International Physical Activity Questionnaire (Booth et al., 2003) . A confidential questionnaire assessed smoking, alcohol and recreational drug use.
Testicular function measurements
Briefly, semen samples were provided at the IVF unit (Fertility Specialists of WA) and analysed as per WHO semen manual guidelines (Cooper et al., 2009) , as described (Hart et al., 2015) . Spermatozoa output was characterised as both sperm concentrations (million spermatozoa per mL of ejaculate) and total spermatozoa output (million per ejaculate). Total motile spermatozoa (TMS) was derived from calculation of the seminal volume 9 concentration 9 motility (%A grade + %B grade). Serum blood samples were provided in the morning (non-fasted state) at the University of WA, Crawley, Perth. Serum inhibin B concentration was measured by Gen II ELISA (Beckman Coulter Inc., Brea, CA, USA) and testosterone measured by liquid chromatography-mass spectrometry (LC-MS) (Harwood et al., 2009) . Each testis was measured by estimating its maximal dimensions in three planes, excluding the epididymis, using electronic calipers, while testis volume was calculated using the formula for a prolate ellipsoid (length (L) 9 width 9 height (H) 9 0.52) (Sakamoto et al., 2007) . Varicocoele was defined as present when the maximal venous diameter was over 3 mm and increased with the Valsalva manoeuvre (Lenz et al., 1992) . Cohort members could decline to participate in some assessments if they desired.
Dietary assessment
Usual dietary intake was assessed at 20 years of age using a validated 74-item semi-quantitative FFQ developed by the Cancer Council of Victoria (CCV), Australia (DQESV2) (Hebden et al., 2013) . DQESV2 FFQ has been found to be reproducible and suitable for ranking respondents according to their estimated nutrient intakes (Gardener et al., 2015) . Respondents were asked to report how often on average they consumed foods and beverages included in the questionnaire during the previous 12 months. The questionnaire offered five options for frequency of consumption for each food, ranging from 'never', 'rarely', 'number of times per month', 'number of times per week' to 'number of times per day'. Respondents recorded if their typical serving size differed in relation to an example serving size measured in household units (cups, spoons, slices etc.). Average daily food and nutrient intake were estimated using in-house CCV program linking to Australian nutrient-composition tables. All FFQs were checked by a research nurse with any missing or unclear responses corrected by discussion with Raine study participant.
Dietary pattern analysis
Two major dietary patterns ('Healthy' and 'Western') have been previously identified in the Raine study at 14 years of age (Ambrosini et al., 2009) . Briefly, all food and beverage items listed in the FFQ were first re-classified into 38 pre-defined major food groups based on nutrient profile and culinary usage (Ambrosini et al., 2009) . All 38 major food groups were entered into a factor analysis with varimax rotation, to achieve uncorrelated factors, or dietary patterns, using Proc Factor in SAS (SAS Institute, Cary, NC, USA). The resulting factor solution 274 Andrology, 2019, 7, 273-280 identified two major dietary patterns ('Healthy' and 'Western') that explained the greatest amount of total variance in food group intakes. Within each dietary pattern, factor loadings were assigned to each food group, indicating their importance in each dietary pattern (Ambrosini et al., 2009) . Each participant received a z-score for the 'Healthy' and the 'Western' dietary pattern at 20 years of age calculated using Proc Score (SAS), and the standardised scoring coefficients derived in the 14-year exploratory factor analysis, which indicated how close their reported dietary intake corresponded with the pattern, relative to the rest of the study sample (mean = 0; SD = 1).
The 'Healthy' dietary pattern was characterised by strong positive factor loadings (0.30 or greater) for: all vegetable types, fresh fruit, legumes, fish (steamed, grilled, canned) and whole grains, and as such, a greater intake of these foods increased the individual's 'Healthy' dietary pattern z-score (Ambrosini et al., 2009) . The 'Western' dietary pattern was characterised by strong positive factor loadings for (decreasing order): takeaway foods, confectionary, red meats, refined grains, processed meats, French fries, potato crisps, soft drinks, cakes and biscuits, potato (not fried), sauces and dressings and full-fat dairy.
Statistical analysis
Characteristics of male cohort participants included and excluded from this analysis were summarised using descriptive statistics. Multivariable linear regression analysis was performed to evaluate associations between z-scores for the 'Healthy' and 'Western' dietary patterns and semen variables, reproductive hormone levels and testicular volume at 20 years of age. Outcomes were power transformed with cube-root transformation (Handelsman, 2002) and other optimal power transformation according to Box-Cox analysis (Box & Cox, 1964) , assessing underlying assumption of normality using Shapiro-Wilks and Normal Q-Q plots. Data are presented on log-scale (b, 95% CI), such that one-factor score (stated as b) is equal to an increase in one standard deviation. Statistical tests were two-tailed with pvalues <0.05 considered as statistically significant. All analyses were performed using SPSS (version 24.0 IBM SPSS).
A set of variables were determined as potential covariates by a review of literature and our own data derived from this cohort including (Hart et al., 2015) ; sexual abstinence (days), age, BMI (kg/m 2 ), presence of a varicocoele and/or cryptorchidism, total energy intake (kJ), smoking (yes/no), alcohol consumption (nil/ moderate; 1-5 standard drinks per day/binge; 6 and above standard drinks per day); illicit drug intake (yes/no) and physical activity levels (low, moderate, high). All reproductive outcomes were adjusted for sexual abstinence, presence of varicocoele and cryptorchidism, height and BMI where appropriate. The remaining variables were identified as confounders applying forward stepwise model selection and confirmed running a backward regression model, retaining variables with a p-value <0.100 for each outcome.
RESULTS
Among the 423 men who underwent a testicular ultrasound and/or underwent a semen analysis, and/or had serum available for inhibin B and serum testosterone analysis and 487 men who completed the FFQ, a total of 290 young men completed all tests (69% of the eligible cohort of males) ( Table 1) . Participants included in this analysis were on average 20.0 AE 0.4 years old, with an average BMI of 24.1 AE 3.9, mostly non-smokers (87%), 'moderate' alcohol consumers (52%), did not consume illicit drugs (77%), reported 'high' levels of physical activity (68%), varicocoele was present in 69 men (23.8%, 50 unilateral, 19 bilateral) and nine (3.1%) men had cryptorchidism. The median sexual abstinence before semen analysis was 2 days. Semen analysis findings are presented in Table 2 .
Participant characteristics are shown in Table 2 and all nine men who had cryptorchidism were included. Serum estradiol levels were significantly higher among participants than nonparticipants (p = 0.040), and presence of varicocoele was evident more among our participants than non-participants (p = 0.012). The majority of men who provided dietary information and underwent testicular function assessment had semen parameters that met the WHO reference criteria (Table 3 ). There was no difference in the seminal parameters between those men who participated in this study, and those who did not.
A one standard deviation unit higher z-score for the 'Western' dietary pattern was negatively associated with sperm concentration (b = À0.172; p = 0.007) after adjustment for BMI, sexual abstinence, presence of cryptorchidism and varicocoele (Table 4) . Varicocoele and cryptorchidism positively modified association between the 'Western' dietary pattern and sperm concentration (b = 0.18, p = 0.015 and b = 0.22, p = 0.010; respectively). A one standard deviation unit increase in z-score for the 'Western' dietary pattern was positively associated with serum estradiol concentration, after adjustment for BMI, sexual abstinence, presence of cryptorchidism and varicocoele (b = 0.188, p = 0.007). Further, a one standard deviation unit increase in the z-score for the 'Western' dietary pattern was negatively associated with DHT 3a-diol, after adjustment for BMI, sexual abstinence, presence of cryptorchidism and varicocoele (b = À0.145, p = 0.044).
Testicular and semen volume were positively associated with height, after adjustment for varicocoele, sexual abstinence and cryptorchidism (p < 0.001 and p = 0.007, respectively). Sperm morphology was negatively associated with physical activity levels (p = 0.094), alcohol (p = 0.027) and energy intake (p = 0.048). Serum inhibin B and testosterone were negatively associated with BMI (p = 0.009 and p = 0.001, respectively), and serum testosterone was positively associated with physical activity levels (p = 0.045).
No associations between the 'Western' dietary pattern and any other testicular function outcomes were detected after adjustment for relevant covariates. In addition, no associations were observed between z-scores for a 'Healthy' dietary pattern and markers of adult testicular function (Table 4) .
DISCUSSION
We found some potential associations between a 'Western' dietary pattern and reproductive health in young males in this study. A more 'Western' dietary pattern was associated with a decrease in sperm concentration and the testosterone metabolite DHT 3a-diol, and an increase in serum estradiol, but these associations may have limited clinical or biological significance in isolation, as no other significant associations were determined.
Relationships between 'unhealthy' dietary patterns, including 'Western' and 'Traditional Dutch' dietary patterns, and sperm concentration have been shown in other studies to vary from positive (Vujkovic et al., 2009) , none (Gaskins et al., 2012; Jurewicz et al., 2016; Oostingh et al., 2017) to negative (Cutillas-Tol ın et al., 2015; Liu et al., 2015) associations. Furthermore, a 'Healthy' diet was shown to have a positive association with sperm concentration in two studies (Oostingh et al., 2017; Efrat et al., 2018) , a negative association in another (Karayiannis et al., 2016) , while a further five studies found no relationships. Generally, these observational studies may be limited by selection and recruitment bias; however, our population has been reported to be representative of the Western Australian population , although less than half of Raine study participants underwent testicular assessment.
A recent Israeli cross-sectional study of 280 men attending a fertility clinic during 2012-2015, observed adherence to four well established a priori 'healthy' dietary indexes ('Eating Healthy Index', 'Alternative Healthy Eating Index', 'Alternative Mediterranean Diet Score' and 'Dietary Approaches to Stop Hypertension'), found overall positive associations with spermatozoa parameters, including sperm concentration (Efrat et al., 2018) . Though, less 'healthy' dietary patterns were not observed in order for direct comparison of our 'Western' dietary pattern results. Our non-significant findings between sperm concentration and 'Healthy' dietary patterns can be only compared to the also pre-defined 'Healthy Eating Index' and 'Alternative Healthy Eating Index' dietary patterns, as remaining dietary patterns are based on relative ranking of adherence compared to others individuals in the population. However, these dietary patterns and the 'Healthy Eating Index' had very small effect sizes, 3-6 millions/mL, and where a large effect size was detected, 'Alternative Healthy Eating Index', the association was not linear across quartiles suggesting possible threshold effect or explained by unknown factors. 276 Andrology, 2019, 7, 273-280 One large clinical study (Jurewicz et al., 2016) , 350 men attending an infertility clinic with a normal semen concentration, found that a 'prudent' dietary pattern (high intakes of fish, chicken, fruit, cruciferous vegetables, tomatoes, leafy green vegetables, legumes and whole grains) to be positively associated with sperm concentration, whereas no association was observed with a 'Western' dietary pattern. The Predict study (Oostingh et al., 2017) , a smaller Dutch hospital-based cohort study of 129 male partners of pregnant women who were included before 12 weeks of gestation, found that strong adherence to a 'Healthy' dietary pattern was positively associated with sperm concentration. Alternatively, a recent cross-sectional study of 225 men from couples attending a fertility clinic in Greece, found that those in the lowest tertile of the MedDietScore were almost three times as likely to have an abnormal concentration (Karayiannis et al., 2016) . The MedDietScore represents the Mediterranean diet considering alcohol intake, where a higher score signifies greater adherence. These men were between 26-55 years of age, half of them were either overweight or obese, and nearly all were either inactive or were minimally active, suggesting an unhealthy cohort.
The 'Food, Lifestyle and Fertility Outcomes-Study' (Vujkovic et al., 2009) , 161 fertile and sub-fertile men undergoing in-vitro fertilisation treatment, with a 66% participation rate, investigated the influence of preconception nutrition and lifestyle on fertility and pregnancy outcomes. This study found the 'Traditional Dutch' dietary pattern (the less 'healthy' diet; high intakes of meat, potatoes and whole grains and a low intake of beverages and sweets) to be positively associated with a higher sperm concentration compared to the 'Health Conscious' diet. It may be difficult to compare to our study's less healthy dietary pattern, as the 'Traditional Dutch' dietary pattern is more nutritious than the 'Western' dietary pattern.
Our weak association between the 'Western' dietary pattern and sperm concentration is similar to two population-based studies. The Murcia's 'Men's Study ' (Cutillas-Tol ın et al., 2015) found that a 'Western' dietary pattern was negatively related to the sperm concentration measured in overweight or obese men, but not in those who were lean, despite adjusting for BMI, but did not control for the variable of recreational drug use, alcohol intake and physical activity. Caution is required when interpreting this study as the 'Mediterranean' diet was not associated with semen parameters and there were <70 overweight and obese men. A 'Western diet' and 'high sweet snack and sugarsweetened drinks' diet was found to be negatively associated with the sperm concentration in a study of almost eight thousand healthy, young Taiwanese men (Liu et al., 2015) . One of the challenges when studying the potential influences of dietary patterns on testicular function is non-uniform use of dietary pattern descriptors. For example, studies that use the descriptors, 'Western diet', 'high carbohydrate diet' and 'high sweet snack and sugar-sweetened drinks' would all be categorised into 'Western' dietary pattern in western countries. Furthermore, the Taiwanese study is difficult to compare to other populations as the foods described are produced and processed in different ways. It is likely that most of the Taiwanese 'Western' diet composition would be considered healthy in Australia.
To our knowledge, this is the second study to investigate testicular volume as a parameter of testicular function in association with dietary patterns, following Murcia's Young Men's Study, which recruited its participants through universities across Southern Spain. Our study is composed of young healthy volunteers recruited from a population-based pregnancy cohort, thus are less likely to be aware of their fertility potential, and hence unbiased with regard to fertility.
It has to be acknowledged that our study has some limitations. First, as is true with all cross-sectional observational studies, causal inference is not possible. Sperm concentration was assessed with the Makler chamber and the seminal volume by a pipette, which differs from WHO recommendations, introducing potential systematic error; however, the differences would be non-differential so unlikely to impact substantially on our findings. While only one semen sample was analysed, our previous study (Hart et al., 2015) as well as others (Carlsen et al., 2005; Stokes-Riner et al., 2007) suggests that one sample is sufficient to assess semen quality and reproductive hormones in population-based epidemiological studies (Cooper et al., 2009) .
The use of an evaluated FFQ and application of dietary pattern analysis as opposed to nutrient or whole food analysis is more likely to reflect the real world experience, and allows easier translation to the general population as to which foods they should consume, rather than which micronutrients to consume (Hu, 2002) . However, as with all self-reported dietary assessments, the misclassification of dietary intake throughout the previous year, the sensitive period for semen quality is the 3-month window prior to sample collection. Notwithstanding their limitations, FFQ has shown to be an effective tool for ranking individuals according to nutrient intake (Subar et al., 2015) . There is potential for ascertainment bias when dealing with sensitive information such as smoking, alcohol and illicit drug use and thus subject to response bias. Misclassification bias may be introduced where some may not know the volume of a 'standard drink' or the technical term for various recreational drugs. Such bias was reduced by dichotomising recreational drug and smoking status. Information bias was reduced by ensuring the selfreported questionnaire was confidential.
As our study was an observational study, we cannot rule out the possibility that the identified dietary patterns are confounded by lifestyle factors other than those considered in this analysis, such as psychological stress (Barazani et al., 2014; Nargund, 2015; Nordkap et al., 2016) and environmental exposures (Sakamoto et al., 2004; Fowler et al., 2011; Axelsson et al., 2013; Lassen et al., 2014; Sobinoff et al., 2014; Giulivo et al., 2016; Skakkebaek et al., 2016; Kilcoyne & Mitchell, 2017) . Clinical relevance of our findings are questionable provided small effect sizes and high likelihood of residual confounding, and thus, caution must be taken not to over interpret statistically significant findings (Gaskins, 2018) . However, it is important to point out that our study included more covariates, including significant confounding factors, than previous studies. Furthermore, it is not possible to predict from our study whether or how any observed differences translate into reproductive success for men in couples trying to conceive, as we only studied markers of testicular function not fertility per se.
CONCLUSIONS
Our observational cross-sectional study demonstrates potential negative influence of the 'Western' dietary pattern with male reproductive markers. However, we were unable to demonstrate any consistent associations of either a 'Healthy' or a 'Western' dietary pattern with markers of adult testicular function. Diet quality may vary according to socio-economic status, and as such dietary patterns may vary substantially between the high and low socio-economic countries. Thus, initiation of more prospective studies in different populations with different dietary exposures should be encouraged. The Raine study provides an excellent opportunity to re-investigate these associations later in the cohort when men are more likely to be planning a family.
